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Challenge Addressed and Project Objectives

Challenge Addressed:

Å Safety regulatory requirements for the production, distribution, and use of liquefied 
natural gas (LNG) should be based on a sound technical basis, including validated 
software for risk and consequence modeling

Overall Project Objective:

Å Sandia National Laboratories (Sandia) will engage in analytical studies, 
computational modeling, quantitative risk assessments, advanced technology 
assessments, and systems engineering research, development and demonstrations 
in support of the U.S. Department of Transportation (DOT) Pipeline and Hazardous 
Materials Safety Administration (PHMSA) objective to enhance the safety, regulation, 
production, distribution, and use of Liquefied Natural Gas (LNG).
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Task Objective, Budget, and Scope

Task 1: LNG Modeling Objective:

Å Sandia will provide reduced -order models that characterize natural gas releases from pressurized 

systems. This specifically includes characterizing the resulting jet plume from liquefied natural gas 

releases that may include gaseous, liquid, or mixed -phase flow. The characterization models will be 

capable of estimating unignited jet plume extent and concentration, as well as ignited jet flame heat 

flux and temperature. The models will be available as open source code, as well as within a 

graphical user interface that can run quickly on standard computing resources.

Task 1 Deliverable:

Å Sandia will provide open source reduced -order LNG Models with graphical user interface, 

downloadable from Sandia GitHub

Å Sandia will provide documentation on model operations and assumptions, including algorithm and 

user guide

Task Funding: $129k
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Approach

Modify existing software: Hydrogen Risk Assessment Models (HyRAM)

Å These reduced -order engineering models were originally based on gaseous hydrogen

Å Efforts through other projects were adding ability to model liquid hydrogen (DOE HFTO) 
and CNG/propane (DOE VTO)

Å This project would focus on adding ability to assess LNG risk and model LNG 
consequences

Modify consequence models: 

Å Modify source code to utilize cryogenic methane as a proxy for LNG

Å Validate modified source code models with experimental data in literature

Modify risk models:

Å Modify leak frequencies based on LNG -specific data

Å Risk assessment also utilizes consequence models
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Overview of HyRAM+ Risk 
Assessment and Consequence 
Models



Overview of Risk Calculations in HyRAM+

Leaks
ɍComponent Leaks

ɍDispenser Failures

Outcomes
ɍDetection/Isolation

ɍIgnition Probabilities

Consequences
ɍPhysical Harm

ɍFatality Probability

Risk Metrics

ɍPotential Loss of Life

ɍFatal Accident Rate

ɍAverage Individual Risk
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Leak Frequencies sFault Tree

Random Releases
Á Frequency of leaks of size k for i different 

components:

Á Ὢ ȟ Вὔ Ὢ ȟ

5 leak sizes, 9+ component types

Å 0.01%, 0.1%, 1%, 10% 100% of pipe flow area

Dispenser Failures (100% leak size only)
Á (slightly) more complicated fault tree

Overall leak frequencies can also be input 
directly
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Leak Outcomes sEvent Tree 

Probabilities on what could happen given a leak

Á4 outcomes possible

Leak detection and isolation credit is single input (0.9 default)

Immediate and delayed ignition probabilities as a function of flow rate 
(calculated)
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Ignition Probabilities 

Based on historical ignition probability data for methane (Cox, Lees, & Ang)

Modified for hydrogen:
Á Reduce leak flow ranges by a factor 8 
Á Allowing for differential molecular weight CH 4 vs H2, which directly affects the size of flammable cloud

Á Increase ignition probabilities by 16%
Á Allowing for the ratio of the flammable range of H 2 vs CH4

Á Allowing that 15 -75 vol% constitutes only 16% of total cloud size above lower flammability limit (from modeling)

Á Assume immediate to delayed ignition probabilities are 2:1
Á Total ignition probability is immediate and delayed probabilities added together

HyRAM+ software GUI will notify users that default H2 ignition probabilities should be 
modified when Ɉmethaneɉ is selected as fuel type

12

Original Hydrocarbon Ignition Probabilities Estimated Hydrogen Ignition Probabilities

A. V. Tchouvelev, ñKnowledge gaps in hydrogen safety: A white paper,ò International

Energy Agency Hydrogen Implementing Agreement Task 19, Tech. Rep., January 2008.
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Thermal Harm from Jet Fire Heat Flux

Based on Jet Flame Physics model

Determines heat flux from leak at every occupant point

Á For each leak size
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Overpressure Harm sBasic Inputs

Peak overpressure and impulse are specified for each leak size

Á User must determine values themselves or use defaults

These values are applied to each occupant position

Á Regardless of distance away from leak
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Models to calculate overpressure and impulse 
to be incorporated into risk calculations soon!



Overpressure Harm sUnconfined Overpressure16

Å Based on Unconfined Overpressure model

Å Uses information from unignited jet plume

Å Multiple overpressure models to choose

Coming in HyRAM v4.1



Thermal Fatalities sThermal Probit Models

For each occupant,

Calculation of probability of a fatality ( P(fatality)) based on probit value (Y):

ÁὖὪὥὸὥὰὭὸώὔέὶάὥὰὅὈὊὣ‘ υȟ„ ρ

Calculated from Thermal Dose Unit ( V) based on heat flux ( I) and exposure time ( t):

Áὠ ὍȾὸ
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Model Equation

Eisenberg * ὣ σψȢτψ ςȢυφÌÎὠ

Tsao & 
Perry

ὣ σφȢσψ ςȢυφÌÎὠ

TNO ὣ σχȢςσ ςȢυφÌÎὠ

Lees ὣ ςωȢπς ρȢωωÌÎπȢυὠ

* default
Ethan S. Hecht and Brian D. Ehrhart. Hydrogen Plus Other Alternative Fuels Risk Assessment Models 
(HyRAM+) Version 4.0 Technical Reference Manual . SAND2021-14813. November 2021. 

https://doi.org/10.2172/1832082


Overpressure Fatalities sOverpressure Probit Models

For each occupant,

Calculation of probability of a fatality ( P(fatality)) based on probit value (Y):

ÁὖὪὥὸὥὰὭὸώὔέὶάὥὰὅὈὊὣ‘ υȟ„ ρ

Based on peak overpressure ( Ps) and impulse ( i):
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Model Equation

Eisenberg ɀLung 
Hemorrhage

ὣ χχȢρ φȢωρÌÎὖ

HSE ɀLung Hemorrhage ὣ υȢρσ ρȢσχÌÎὖ ρπ

TNO ɀHead Impact
ὣ υ ψȢτωÌÎ

ςσππ

ὖ

τ ρπ

ὖὭ

TNO ɀStructure Collapse *
ὣ υ πȢςςÌÎ

τππππ

ὖ

Ȣ
τφπ

Ὥ

Ȣ

* defaultEthan S. Hecht and Brian D. Ehrhart. Hydrogen Plus Other Alternative Fuels Risk Assessment Models 
(HyRAM+) Version 4.0 Technical Reference Manual . SAND2021-14813. November 2021. 

https://doi.org/10.2172/1832082
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Overall Risk Metrics

Potential Loss of Life (PLL [fatalities/year]) for n scenarios:

Á ὖὒὒВ Ὢὧ

Á Each scenario is a leak size/outcome combo (e.g., 1% leak size resulting in a jet fire)

Fatal Accident Rate (FAR [fatalities/100 million hours]):

Á ὊὃὙ

Á ὔ is the number of people in the population considered 

Average Individual Risk (AIR [fatalities/year per person]):

Á ὃὍὙὌ ὊὃὙρπ

Á Ὄis the number of exposed hours per year

Can also calculate cut sets (expected leaks for each component, branch line probabilities, etc.)
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Additional HyRAM+ capabilities
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Other Physics 
Models

ɍUnignited Plume

ɍAccumulation



Physics Models sJet Plume Dispersion

1-D Reduced Order Model

Leak size, conditions; surrounding environment 

Useful for concentration contours
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Physics Models sOverpressure/Accumulation

1-D accumulation model of a leak inside an 
enclosure
Á Tracks concentration of plume and uniform layer

Assumes ceiling layer is uniform concentration

Flammable mass for plume and layer based on 
upper and lower flammability limits

Overpressure is peak overpressure if 
plume/layer were to ignite after some delay
Á Not an overpressure history plot
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Modification and Validation of 
Risk and Consequence Models 
for LNG (Liquid Methane) 



Validation with Cryogenic Methane Releases

Prior work done for DOE VTO (2018)

Data collected from Raman scattering images of liquid and near liquid methane 

Measured methane concentrations compared to empirical relationships for warm gas 
releases

Å In agreement in terms of centerline concentration decay rate, self -similarity, and 
half -width decay rate
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S.C. Egbert, X. Li, M.L. Blaylock, and E.S. Hecht ɈMixing of Liquid 
Methane Releasesɉ SAND2018-13757 R, December 2018



Å Per-component annual leak frequencies can be applied broadly to facilities 
of different sizes and types

Å Can propagate leak frequencies through risk models to predict the 
frequency of risk -significant events

ÅMany sources of uncertainty affect our ability to estimate leak frequencies

Leak frequencies are uncertain but necessary for risk analysis26

Aleatory uncertainty : 
inherent variation between 
the designs, materials, 
maintenance, operating 
conditions, ages, etc. of 
different components

Epistemic uncertainty : 
lack of data for new 
systems, lack of reporting 
or inconsistent reporting 
for existing systems, 
measurement errors

Bias : from detection (larger 
leaks are easier to detect), 
reporting requirements

Prediction model should include state -of -knowledge uncertainties that may be reduced 
over time with more data, but should also include the within -population variation


